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Abstract  
A feasibility study of a novel type of acoustic 
liner, suitable for the integration in aero-
engines, has been conducted. Back-to-back 
testing with a standard Helmholtz resonator 
liner demonstrated that the addition of a flexible 
material with high intrinsic damping can 
broaden the effective frequency range and 
improve the overall noise absorption. 
1  General Introduction 
Since decades, a substantial share of noise 
reduction for aero engines is realized through 
the usage of acoustic liners. These liners are 
essentially based on the principle of a 
Helmholtz resonator and consist of a variety of 
small cells, usually designed as honeycombs 
with a certain height, a closed back plate and a 
perforated face sheet, as the boundary to an 
outer, grazing flow. The actual approach is a 
combination of the classical Helmholtz 
resonator principle, a /4 resonator (reactive 
cancellation) and an additional resistive 
damping generated by the flow through the 
holes in the face sheet. The lower the noise 
absorption frequency, the higher has to be the 
cell size of the honeycomb. This liner type can 
be found in aero engines within the intake, the 
bypass duct and the cold and hot exhaust area. 
The liners in the cold parts of an engine usually 
consist of composite materials, like carbon 
composite for the back plate and face sheet, and 
aramid fibers for the stiff honeycomb cells; in 
the hot sections, the cells are made of metal. 
Such a design has the disadvantage to absorb 
noise only in a very limited frequency band, if it 
is used as a single liner (single degree of 
freedom, SDOF). In aero engine intakes, the 
selected frequency is usually one of the tonal 
fan noise frequencies. If two liners of different 
depths are put on top of each other (double 
degree of freedom, DDOF, the dividing plate is 
then also perforated), they can absorb two 
different, but still narrow frequency bands. A 
higher number of absorption frequencies close 
to each other and therefore a more broadband 
noise reduction is theoretically possible, but 
would require a corresponding number of liners 
on top of each other. Due to limited design 
space, weight and limited efficiency, this design 
is not applied in aero engines. Therefore, an 
effective broadband noise reduction with these 
liner concepts is not achievable. The benefits on 
the other hand are their robustness and 
durability, as well as the low weight.  
The next generation of aero engines for civil 
applications will have larger bypass-ratios (BPR 
>10) in order to improve the propulsion 
efficiency. These, so called Ultra-High-Bypass -
Ratio (UHBR) engines, are characterized by 
fans with large fan diameters, which will run at 
a lower rotational speed compared to those 
currently in use. The lower speed will reduce 
the tonal fan noise frequency and would require 
SDOF acoustic liners with an increased cell 
height to attenuate the tonal noise. However, 
conventional liners with large cell heights can 
most likely not be installed due to strict nacelle 
design constraints on outer diameter in order to 
minimize the installed engine drag. 
In addition, a dedicated low noise design of 
future engine components will mainly attenuate 
the tonal contributions of the engine acoustic 
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emissions. Hence, the noise signature of future 
aero engines will largely be dominated by 
broadband noise, which can only be damped 
efficiently by novel liners. 
Europe’s ambitious targets for reducing CO2, 
NOx and noise by 2050 are summarized in the 
European Flightpath 2050 goals [1]. The 
consideration of broadband noise reduction will 
certainly become more and more important in 
order to achieve the noise targets. The shift in 
tonal frequencies to lower values in light of the 
planned future ultra-high-bypass-ratio engines 
poses an additional challenge. As a consequence 
of that, new liner concepts will be required in 
order to accomplish this target. 
2  Novel Liner Concept with additional 
intrinsic material damping  
A possible concept to improve the broadband 
noise absorption is the addition of a further 
absorbing mechanism to the classical concept as 
described above. Ideas on how to accomplish 
this, were published e.g. in [2] and [3], where in 
the first one a sound damping material is 
characterized by a pressure sensitive adhesive 
layer between a honeycomb or corrugated wall 
and a horizontal face sheet with additional  
damping performance. The second reference 
describes a DDOF liner with a high acoustic 
resistivity material used as the intermediate 
layer.  
The key element of the novel concept described 
within our paper is additional noise attenuation 
through the intrinsic damping of a flexible 
material. The idea was to dissipate acoustic 
energy by the interaction of the sound field 
using the flexible walls’ viscoelastic 
deformations. The investigation considered 
several flexible materials based on a geometrical 
configuration close to actual acoustic liners. 
In order to assess the performance of the various 
materials, a comprehensive test campaign was 
undertaken, the results of which were compared 
with a reference acoustic liner designed to state-
of-the-art design rules. Because of time- and 
cost-restrictions, the traditional internal 
honeycomb structure of such acoustic liners was 
substituted by a simplified, easy to manufacture, 
rectangular shape. For the same reasons, the 
main structural materials were also replaced as 
described below.   
3 Acoustic Modeling 
The novel Helmholtz resonator is supposed to 
consist of two elementary, acoustically 
responding components: a conventional 
Helmholtz resonator (HR) and a damped 
flexible plate. The aim of the modeling is a 
preliminary estimate of the resonance 
frequencies of both individual systems. This 
allows tuning the geometry and material 
parameters in order to align these natural 
frequencies close to each other. As a 
consequence, the overall transmission loss is 
expected to become more broadband. 
The entire analysis is restricted to the linear 
plane wave theory, which imposes an upper 
limit to the analyzed frequency spectrum in a 
duct, i.e. the first cut-on frequency. Therefore, 
the desired resonance frequency of the 
Helmholtz resonator fH will be chosen far 
beneath this border. In addition, the HR acts as a 
/4 resonator [4], which depends mainly on its 
height lZ. In order to reduce the participating 
acoustical phenomena within the model, the first 
/4 -resonance frequency f,1 is intended to be 
set far above the corresponding Helmholtz 
resonance. According to Helmholtz [5], the HR 
resonance without flow can be well 
approximated with: 
 
𝑓𝐻 =
𝑐0
2𝜋
√
𝐴𝐿
𝑉𝐿(𝑙𝐻+𝜋𝑟𝐿/2)
 ,                                   (1) 
 
where c0 is the speed of sound, AL the open area 
of the perforation, VZ the volume of the cavity, 
lH the height of the perforation hole and rL its 
radius. Following [4], the first /4-resonance 
frequency is determined by: 
 
𝑓𝜆,1 =
𝑐0
4∙𝑙𝑍
     (2) 
 
Besides, the HR cells also have to fit into the 
test rig, which is described in detail in section 6. 
Taking all restrictions into account, fH is 
selected to be at approximately 1040 Hz and f,1 
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at 2860 Hz while the cut-on frequency is located 
at 2100 Hz. These values yield the following 
geometric parameters for the HR: lZ = 30mm 
mm, VZ = 10830 mm
3
, lH = 2 mm, rL = 0.65 mm 
with a total of nine holes yields to AL = 12 mm
2
. 
 
This is the reference liner which is supposed to 
be upgraded with at least one damped flexible 
plate as a substitute for one of its hard sidewalls. 
Thus, the length and width of the plate is set by 
the previous HR parameters. The model of the 
plate is based on the thin plate theory by 
Kirchhoff-Love, which assumes the plate 
thickness to be significantly smaller than its 
width and length. The goal is to determine the 
thickness and material parameters of the plate 
such that the plate resonates at frequencies close 
to fH, resulting in high deflections and thereby 
in high energy dissipation via intrinsic material 
damping, demanding for a material with a high 
intrinsic loss factor. 
According to [6], the plate’s resonance 
frequency (with all edges clamped to the 
sidewall) of a vibration mode (m, n) can be well 
approximated with 
 
𝑓𝑚𝑛 = (
𝑡
2𝜋
√
𝐸
12𝜌(1 − 𝜇𝑃
2)
) ∙ 
∙ √(
𝜇2
𝐿𝑎2
+
𝜈2
𝐿𝑏
2 )
2
+ 4
𝜇𝜈
𝐿𝑎2 𝐿𝑏
2
(2 − 𝜇 − 𝜈) 
 
            
(3) 
 
where E stands for the Young’s Modulus of the 
plate,  for its density, P for its Poisson ratio, 
La and Lb for its length and width, respectively, 
and t for its thickness. Finally,  = (m+0.5)  
and  = (n+0.5)  represent the shifted mode 
orders. However, it must be remarked that this 
equation only holds for a clamped in vacuo 
plate. Hence, the corresponding resonances will 
shift when the model is applied to a backed 
cavity within the novel HR concept. For this 
purpose, the model is a rough approximation. 
As La and Lb are predefined by the HR 
geometry, only the thickness of the plate needs 
to be tuned for the chosen thermoplastic 
polyurethane (TPU) composite. This class of 
rubber-like material is known to achieve high 
intrinsic loss factors ( = tan) [7]. The results 
show that various TPU types have their first 
four plate resonance frequencies spread around 
fH when the thickness stays beneath 1 mm. 
Hence, it is made sure that the thicknesses of the 
TPU samples for the experimental tests fulfill 
this requirement. The experimental set-up and 
its results comprising comparisons between the 
conventional and novel HR concept are 
presented in section 6. 
4 Materials and Manufacturing  
4.1 Structure of novel liner concept  
As described before, the new acoustic liner 
concept consists of a perforated face sheet, a 
rigid back plate and a honeycomb-like prismatic 
core with a combination of rigid and flexible 
walls (Fig 1). Several samples with four cavities 
perpendicular and ten cavities in flow direction 
were built. The volume VZ and therefore the 
dimensions of each cavity (19 mm x 19 mm 
x 30 mm) were deduced from Eq. (1). All cells 
perpendicular to the flow direction and every 
second row of cavities in flow direction were 
covered with a face sheet having an array of 
three by three holes of a radius of rL = 0.65 mm 
and the height of the perforated hole lH = 2 mm 
due to the face sheet’s thickness.  
    
    
 
 
 
 
a) b) 
Fig 1: Setup of the novel liner concept: a) 
schematic of acoustic liner with partially 
flexible walls (green), b) acoustic test sample 
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The manufacturing of core’s walls needs to 
introduce flexible window-like areas. Thus, an 
aluminum frame was designed as a supporting 
structure giving the possibility to attach 
different films with high intrinsic damping. As 
materials, one epoxy-based (EP) film and two 
thermoplastic polyurethane (TPU) films with 
different thicknesses were applied using suitable 
adhesive (Table 1). The rigid walls and the 
frames carrying the flexible areas were made of 
aluminum ALMG3, H22 with a thickness of 
1 mm. 
Table 1: Material properties of films based 
on dynamic mechanical analysis at ambient 
conditions and a frequency of 100 Hz 
Label EP-
0.5  
TPU1170
A-0.3 
TPU1195
A-0.1 
TPU1195
A-0.5 
Density in 
g/cm³ 
1.2 1.08 [8] 1.15 [8] 1.15 [8] 
Young 
modulus 
in MPa 
6 14 160 160 
Tan δ 0.45 0.05 0.20 0.20 
Thickness 
in mm 
0.5 0.3 0.1 0.5 
 
The intrinsic damping property of the polymeric 
material is caused by internal losses during 
polymeric transitions, e.g. the glass transition. 
The EP-based material is the result of a material 
development with the intention to obtain a 
material with a maximum loss factor at room 
temperature (as the relevant temperature for the 
aero-acoustic tests of the prototype) and 
frequency (1 kHz). This is only possible at the 
cost of a narrow temperature and frequency 
range with high damping. Both (commercial 
available) TPU-materials show a much broader 
transition range with moderate but significant 
damping and are possible candidates for 
operation over a wider temperature range but 
only for applications where no static load is 
applied to avoid creeping. There are material 
classes available with medium damping over a 
broad temperature range and that are cross-
linked, e.g. acrylates, these were not considered 
within this study. 
4.2 Fabrication 
There are different technologies to manufacture 
prismatic honeycombs depending on the 
materials, the thickness of the materials and the 
resulting design [9-12]. Wadley describes a strip 
slotting method for fabrication of triangular and 
square honeycombs [13]. In this study Wadley’s 
approach is used to build the core with square 
prismatic cavities. The honeycomb structure 
was composed of rigid walls and walls with 
cutouts, that form the edges of the unit cells 
(Fig. 2). The films were applied upon the walls 
with cutouts almost stress-free and flat by 
means of epoxy resin. The edges, the back plate 
and the face sheet were also bonded by epoxy 
resin. During the bonding process, the hermetic 
seal of the joints of the cavities had to be 
ensured without sealing the perforations in the 
face sheet. Using this approach, four different 
samples with flexible walls made of different 
films (EP-0.5, TPU1170A-0.3, TPU1195A-0.1, 
TPU1195A-0.5) and one conventional SDOF 
liner with rigid walls in the same dimensions 
were fabricated for investigation in this study. 
In the following, theses liners are called 
“FlexiS” liners (flexible structure liner). 
 
a)                   b)                           c)                       d) 
Fig. 2: Fabrication of test samples: a) geometry of the square honeycomb unit cell, b) application 
of viscoelastic films, c) assembly of rigid and flexible walls, d) bonded face sheet with perforations 
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5 Mechanical Assessment  
The feasibility of such a novel liner concept 
depends not only on the acoustic performance, 
but also on its mechanical properties, like its 
compression strength and deformation behavior, 
to operate it reliably in service. In order to 
assess the fundamental feasibility with regard to 
the mechanical behavior of this liner concept, a 
study was performed in parallel to the acoustic 
investigations. For this purpose, the geometry 
was modelled and analyzed by means of the 
finite element software ANSYS ACP. The 
geometry of the cutouts, especially the corner 
radius and upper web height was varied to 
obtain the sensitivity on the resulting stress 
distribution. For comparison, a conventional, 
liner with rectangular shape core and the new 
liner were analyzed with the same loading. For 
this study, conventional materials for acoustic 
liners, such as Meta-Aramid for the walls, 
carbon fiber and glass fiber-reinforced EP resin 
for the face sheet and back plate were 
considered. A representative 3D model was 
fixed on both sides to simulate a glued and 
bolted arrangement as in aero engine inlets (Fig. 
3). It was conservatively assumed that the 
flexible films do not stiffen the walls with the 
cutouts, thus they were neglected. 
 
 
Fig. 3: Fixed boundary condition (red), glued 
(blue) 
The deformation of the honeycomb-like core 
due to common load cases such as the set of a 
footstep on the perforated face sheet during 
maintenance or pressure differences during 
operating were investigated. The load case with 
a pressure difference of 10 psi / 0,6895 bar 
induced the highest stresses.  
As expected, the radius at the cutouts is exposed 
to higher stress levels. The material utilization 
at the corner of the upper web went up from 
12% (without cutout) to about 22%, which is 
still an acceptable level, see Fig. 4. An increase 
of the corner radius or web thickness will 
ovalize the cutout, but can reduce the maximum 
stress level by 50%. The effect on film vibration 
and subsequent noise attenuation has not been 
assessed. The higher flexibility of the walls with 
cutouts resulted in a 16% higher deflection of 
the entire structure compared to a conventional 
liner, which would not affect the outside flow 
field. 
 
 
Fig. 4: Material utilization 
A further reduction of the maximum stresses in 
the corners to a lower level was obtained by 
using a layered composite face sheet with 
optimized fiber orientation. The utilization of 
unidirectional layers will shift the loading to the 
walls perpendicular to the fiber direction and 
unload the walls parallel to them. In this way 
lower stress levels at the cutouts can also be  
achieved. 
6 Acoustic test set-up and test results 
In order to assess their acoustic performance, 
the liners were placed in the test section of the 
DUct aCoustic Test rig - Rectangular cross 
section (DUCT-R) facility of the German 
Aerospace Center (DLR) in Berlin. The test rig 
has a length of about 8 m and consists of two 
symmetrical sections, each containing several 
microphones and a loudspeaker for acoustic 
excitation (see sketch in Fig. 5). The cross 
section of the rig is 60 mm x 80 mm. 
A radial compressor is connected to the 
upstream part of the duct and provides a grazing 
flow across the test object with a maximum 
Mach number of 0.3 at the duct centerline.  
Further details of the duct test rig are described 
by Busse-Gerstengarbe et al. [14] 
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The rig has been used extensively during the 
last years for the investigation of scattering 
coefficients and impedances of several liner 
types. It is known to have a very low error in 
estimated dissipation (1-3%, see e.g. Lahiri 
[15]) 
6.1 Experimental Setup 
The basic setup for the acoustic measurements 
is identical to the setup for a conventional 
SDOF liner. Consecutively, six multi-tones are 
excited and fed into the rig by either the 
upstream or the downstream speakers. Thereby, 
a frequency range from 204 to 2091 Hz with 51 
Hz resolution is covered. The overall sound 
pressure level (SPL) of these multi-tones was 
adjusted to about 120 dB in maximum, but this 
could not be fully ensured for all frequencies 
due to the coupling of the speaker driver and the 
speaker characteristics. The acoustic 
investigation was limited to the plane wave 
regime (cut-on frequency for higher-order 
modes is about 2150 Hz for the no-flow case). 
6.2 Measurement Procedure and Data 
Processing 
For each liner test configuration, two different 
sound fields are excited consecutively in two 
separate measurements. Speaker A is used in the 
first measurement and in the second 
measurement the same signal is fed into speaker 
B.  
Then, the data of section 1 and section 2 (index 
1 and 2) are analyzed separately. Thereby, the 
sound field is decomposed into upstream- and 
downstream traveling waves and their 
respective complex sound pressure amplitudes 
for each section and measurement. By a 
combination of all measurements, the influence 
of end reflections can be canceled out, and the 
reflection coefficient r and transmission 
coefficient t for the acoustic pressure can be 
calculated. 
The energetic quantities are obtained applying 
the acoustic energy flux in a moving medium as 
given by Blokhintsev [16, 17]. After integrating 
over the duct cross section A, this yields for the 
power of the downstream traveling wave P+, 
respectively the upstream traveling wave P-: 
 
𝑃± =
𝐴
2𝜌𝑐
(1 ± 𝑀)2|?̂?±|2,   (4) 
 
where M is the mean Mach number of the 
flow,  𝜌  the density, 𝑐  the speed of sound, and 
?̂?± the complex pressure amplitude of the 
downstream/upstream traveling wave. Then, the 
energy coefficients for reflection R
±
 and 
transmission T
±
 can be given relative to the 
pressure coefficients. The dissipation of 
acoustic energy is expressed by the dissipation 
coefficient ∆±. The dissipation coefficient can 
be calculated directly from the reflection and 
transmission coefficients via an energy balance: 
 
𝑅± + 𝑇± + ∆±= 1    (5) 
 
The energy of the incident wave is partly 
reflected, partly transmitted, and partly 
dissipated inside the damping module. R and T 
are the power quantities of the reflection and 
transmission coefficients, while r and t denoted 
the pressure quantities. 
Assuming the same flow conditions and cross 
sectional area in section 1 and 2, finally, the 
dissipation coefficients of the test object for the 
Fig. 5: Sketch of acoustic test rig DUCT-R 
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downstream ∆+ and upstream direction ∆- can 
be obtained: 
 
∆±= 1 − (
(1∓𝑀)2
(1±𝑀)2
|𝑟±|2 + |𝑡±|2)  (6) 
 
This is an integral value of the acoustic energy 
that is absorbed while a sound wave is passing 
the damping module. The dissipation coefficient 
is used to evaluate the damping performance of 
the test object, here the FlexiS liner. For most 
comparisons, the averaged value ∆avg = ∆
+
/2 + 
∆-/2 can be used. 
6.3 Test Conditions 
Four FlexiS liner and in addition a reference 
liner with fully rigid cell walls have been tested 
with respect to their acoustic energy dissipation. 
Certain cells of the prototype liners have been 
covered with tape in order to enhance the inter-
cell wall deflection for the FlexiS liner. By 
covering the holes in the face sheet of those 
cells, the direct access of the grazing duct sound 
field is obstructed. Thereby, a fluctuating 
pressure difference is present only on one side 
of the flexible cell walls – allowing for an 
increased movement of the wall.  
Fig. 6: FlexiS liner top view 
In the chosen setup, every second span-wise cell 
row was covered (see photo in Fig. 6) and only 
ventilated by a pinhole in order to compensate 
static pressure differences in the system during 
operation of the flow duct. Due to their small 
size, the pinholes should be acoustically 
insignificant for most of the frequency range of 
interest in this study. 
6.4 Results 
Fig. 7 shows the comparison of the averaged 
dissipation   coefficients   for  the  no  flow  case  
 
 
 
Fig. 7: Average Dissipation for several liners 
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(M=0) and the cases with moderate grazing flow 
(M=0.1 and M=0.2). The reference Helmholtz-
Resonator liner with rigid walls 
(“REFERENCE”) was prepared the same way 
(covering every second cell row) in order to 
compare the same active area for all liner 
samples.  
Most of the FlexiS configurations demonstrate a 
significant increase of the dissipation in the 
frequency range from 400 to 800Hz. While the 
EP-05 material generates a broadening of the 
dissipation peak, the material 1170-0.3 shows 
even three local dissipation maxima at 600, 
1000 and 1350Hz. The dissipation maximum of 
the sample with the 1195-0.1 material is shifted 
from 940 Hz (REFERENCE) to around 750 Hz.  
In the case with grazing flow, the observed 
behavior for the averaged dissipation is 
comparable to the no flow case as shown in the 
lower two graphs of Fig. 7 for a grazing flow 
Mach number of 0.1 and 0.2, respectively. Here, 
the arithmetic average of dissipation coefficients 
for up- and downstream direction is displayed. 
In general, the grazing flow reduces the total 
dissipation of the liner samples. But since this 
affects all liner samples including the reference 
sample with rigid walls, the relative changes in 
dissipation behavior are similar to the no flow 
case.  
Comparing the dissipation data for 120 dB 
excitation with the dissipation data for 130 dB 
(not shown here), there is no significant 
difference in the observed attenuation behavior. 
All FlexiS liner samples show a reduction of the 
maximum dissipation value at the Helmholtz 
resonance frequency of the rigid cell structure. 
However, the integrated “overall dissipation” 
over the entire frequency range is increased 
(compare Fig. 8 which shows the gain “+“ or 
loss “-“ compared to the reference liner).  
This verifies the additional damping mechanism 
by the deflection of the flexible walls with 
intrinsic material damping. 
 
The actual damping characteristic strongly 
depends on the chosen material, the specific 
fixture of the flexible walls, and other acoustic 
and non-acoustic factors. Further research is 
needed to better understand the actual physical 
mechanism, to model the system and to design 
optimal liners with broadband sound attenuation 
characteristics. 
 
Fig. 8: Improvement (+) or degradation  (-) of 
dissipation coefficient compared to hardwall 
liner ("REFERENCE") 
 
7 Summary and acknowledgement 
 
A novel type of acoustic liner, suitable for the 
integration in aero engine inlet und bypass 
ducts, has been investigated with regard to the 
possibility of broadening the acoustic damping 
range and improving the overall noise reduction. 
Through the addition of films with high intrinsic 
damping it was possible to add another noise 
absorption mechanism to the state-of-the-art 
Helmholtz resonator liner principle. Three 
different kinds of film material were 
investigated, an epoxy-based (EP) film and two 
thermoplastic polyurethane (TPU) films. 
Samples were designed, built as square 
prismatic honeycombs with partially flexible 
walls. This approach obtains a reproducible 
process for the manufacturing of acoustic liner 
samples based on the new concept. To ensure a 
low-cost fabrication concept for large-scale 
production further fabrication techniques have 
to be investigated and developed. Each sample 
was tested in an acoustic wind tunnel. Test 
conditions, like sound level, frequency and 
velocity of a grazing flow were varied. The 
results were compared with a reference standard 
Helmholtz resonator. It could be demonstrated 
that an additional overall noise attenuation is 
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possible and that it will also be possible to shift 
the resonance frequency to lower values without 
increasing the dimensions of the liners. The 
actual damping characteristic strongly depends 
on the chosen flexible material, the fixture of 
the films and other acoustic and non-acoustic 
factors. Subject to the film material, the intrinsic 
damping characteristic is stable over a certain 
temperature range. 
Further research is needed to better understand 
the actual physical mechanisms, to model the 
system and to design optimal liners with 
broadband sound attenuating characteristics. 
Further investigations are also required to 
identify the optimal film material and how to 
process the material in order to obtain stable 
damping characteristics in a predefined 
temperature range over a long operation time.  
The feasibility study demonstrated that this 
novel acoustic liner concept could support the 
effort to achieve the ambitious noise targets of 
the European Flightpath 2050 goals. 
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